he central focus of carotid Doppler sonography studies is the detection and characterization of atherosclerotic disease and stenosis. Doppler sonography samples are used primarily to quantify velocity elevations at sites of stenosis. However, more subtle clues to disease are contained in the shape and contour of the Doppler sonography waveform itself. Aberrations of waveform morphology can signal regional disease in the carotid and vertebral vessels, remote cardiovascular disease, and iatrogenic conditions.
Typical Carotid and Vertebral Artery Waveforms
Although slightly variable in appearance from patient to patient, the spectral waveforms of the common, external, and internal carotid arteries and the vertebral artery largely reflect the character of the vascular bed being supplied ( Fig. 1) . Departure from these prototypic waveforms requires explanation.
Waveform Changes in Systole

Pulsus Parvus and Pulsus Tardus
Diminished and delayed arterial pulsations have been termed pulsus parvus and pulsus tardus [1] (Fig. 2) . During carotid Doppler sonography, the parvus-tardus waveform is characterized by a small, smooth, and rounded systolic peak and is observed distal to severe atherosclerotic stenoses in approximately 91% of cases [1] . When bilateral parvus-tardus waveforms are encountered, central causes of obstruction should be suspected, including aortic valvular or central arterial stenosis.
Pulsus Bisferiens
Two prominent systolic peaks with an interposed mid systolic retraction are termed pulsus bisferiens [2] , which is Latin for "beat twice" (Fig. 3 ). This waveform is seen in approximately 50% of patients with aortic valvular disease and is also found with hypertrophic obstructive cardiomyopathy [2] . The presence of concomitant aortic stenosis and aortic insufficiency magnifies the bisferiens effect.
Pulsus Alternans
Pulsus alternans denotes alternating peak systolic heights with a regular cardiac rhythm (Fig. 4) . Intrinsic myocardial disease (ischemia, cardiomyopathy, or valvular heart disease), metabolic disease (hypocalcemia), or impairment of venous return (inferior vena cava compression or obstruction) can produce this waveform [3] . The sensitivity of the finding is unknown.
Presteal Waveforms
Spectral waveforms in the vertebral arteries will occasionally assume an appearance popularly referred to as the "bunny" waveform (Fig. 5) . The depth of mid systolic velocity decline correlates to the degree of subclavian arterial stenosis in all cases of one series [4] . Provocative maneuvers can convert a presteal waveform to a complete steal (Fig. 6 ). It is postulated that the subclavian stenosis creates a high-velocity jet of blood directed across the origin of the left vertebral artery during systole, causing a transient pressure drop in the vertebral artery and concomitant decline in flow in mid systole because of the Venturi effect. Although more commonly seen in the vertebral vessels, these presteal waveforms also appear in the right carotid artery and are produced by an analogous mechanism (Fig. 7) .
Waveform Changes in Diastole
Internalization of the External Carotid Artery
The conversion to a low-resistance Doppler sonography waveform in the external carotid Rohren et al.
artery has been termed "internalization" because the abnormal spectral tracings in the external carotid artery mimic the spectral tracings in a healthy internal carotid artery [5] . This change is often because of complete occlusion of the internal carotid artery with subsequent development of low-resistance collateral pathways between the ipsilateral external and internal circulations (Fig. 8) , usually through the ophthalmic bed [6] or between contralateral external circulations through a superficial vascular network [7] (Fig. 9) .
Water-Hammer Pulse
Normal or elevated peak systolic velocity followed by a precipitous decline and reversal of flow during diastole is often seen with severe, isolated aortic valvular regurgitation (Fig. 10) , mirroring the findings on physical examination.
To-and-Fro Flow
In the neck of pseudoaneurysms, blood flows toward the pseudoaneurysm in systole and returns to the parent artery in diastole. These alternating currents can be reflected in the lumen of a parent artery and detected on spectral Doppler sonography (Fig. 11) . Pseudoaneurysms of the carotid arteries occur as a consequence of trauma, surgery, or misplaced central venous lines. A, Doppler sonogram shows normal internal carotid artery that supplies low-resistance vascular bed of brain and therefore has low-resistance waveform. Note sharp rise in flow velocity during systole and gradual tapering of continuously forward flow throughout diastole. Internal carotid artery waveform tends to display more blunted systolic peak and greater diastolic flow than is seen in external carotid artery waveform. B, Doppler sonogram shows external carotid artery that supplies high-resistance vascular beds of osseous and muscular structures of head and neck; thus, waveform is characterized by sharp rise in flow velocity during systole, rapid decline toward baseline, and diminished diastolic flow. Transient reversal in early diastole can be seen normally. C, Doppler sonography waveform of common carotid artery represents amalgamation of flow profiles of internal carotid artery and external carotid artery. Normally, common carotid artery waveform assumes relatively low resistance character because of preponderance of carotid flow entering internal carotid artery (≈ 80%). Occasionally, transient flow reversal may be seen in healthy people. Peak systolic velocities in common carotid artery can be high in young patients with compliant vessels; such velocities tend to decrease with age. D, Doppler sonogram shows normal vertebral artery waveforms that resemble those of internal carotid artery, because vertebral artery also supplies low-resistance vascular bed of brain. Typical vertebral artery waveform is low resistance with continuous forward flow during diastole. Fig. 2. -66-year-old woman with high-grade atherosclerotic stenosis of proximal right internal carotid artery and parvus-tardus waveforms in mid internal carotid artery. Spectral Doppler sonography tracings distal to stenosis show diminished peak systolic amplitude (pulsus parvus) and prolonged systolic acceleration evident in delayed systolic upstroke and rounded systolic peak (pulsus tardus). This waveform most often results from high-grade stenosis, which may occur anywhere from aortic valve to carotid arteries. If stenosis is central, such as aortic valvular disease, parvus-tardus waveforms are often identified within both carotid arteries. Fig. 3. -78-year-old woman with severely stenotic aortic valve complicated by aortic regurgitation. Doppler sonography waveforms from arteries (right common carotid artery is shown as example) show bisferious pulse, with prominent mid systolic retraction (arrow) distinct from dicrotic notch (arrowhead). Dicrotic notch is normal finding and is because of closure of aortic valve, temporary cessation of forward flow, followed by resumption of forward flow driven by elastic rebound of aortic wall. Mechanism of pulsus bisferiens in aortic insufficiency is not well understood. One view is that first peak represents initial high-volume ejection of blood, which is followed by abrupt mid systolic flow deceleration caused by regurgitant valve, and second peak represents tidal wave reflected from distended aorta as it relaxes or from periphery of body. Others argue that rapid ejection of large volume of blood (increased preload of left ventricle) creates transient suction (Venturi) effect in aorta, which in turn produces mid systolic retraction in carotid artery waveform. . Therefore, flow in external carotid artery is retrograde toward carotid bulb and then antegrade in internal carotid artery. B, Spectral Doppler sonography tracing from internal carotid artery shows flow away from transducer (display has been inverted to show waveform above baseline; note negative velocity measurements on scale). Therefore, flow in internal carotid artery is antegrade, reconstituted via retrograde flow in external carotid artery. Note that reconstituted flow in external carotid artery and internal carotid artery displays low-resistance waveform with diminished systolic amplitude and delayed systolic upstroke similar to parvus-tardus waveform. This waveform is seen in 70% of proximal occlusions, presumably resulting from filtering out of higher frequency velocities by collateral network supplying external carotid artery, often from contralateral external carotid artery system.
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Shunt Vascularity
High-flow and low-resistance waveforms with nearly uninterrupted forward flow are seen in cases of vascular shunting caused by arteriovenous shunting (Fig. 12) . There is coexisting pulsatility of venous waveforms and often a soft-tissue bruit, which is the color speckling at the site of the fistula caused by tissue reverberation from the adjacent highly turbulent flow.
Waveform Changes Throughout the Cardiac Cycle
Highly Resistive Dampened Waveforms
Small, blunt percussive waveforms with little or no diastolic flow (also called "knocking" or "stump-thump" waveforms) occur proximal to a complete or nearly complete vascular occlusion [8] (Fig. 13) . These waveforms are characterized by a high-resistance pattern with diminished or reversed diastolic flow. This appearance can also be a sign of dissection ( ≈ 76% of cases) and should prompt a search for an intimal flap [8] . A B A similar pattern can be seen at bends, kinks, and side branches.
Swirling or Bidirectional Flow
Apart from the normal boundary layer separation at the carotid bulb, flow reversal within a carotid artery segment raises concern for the presence of tandem stenoses or dissection (Fig. 14) . The abnormal hemodynamic pattern created at one lesion can overlap that of a second and produce abnormal waveforms and eddy currents. A similar pattern can be seen at bends, kinks, and side branches.
Cyclical Flow Perturbations
The presence of an intraaortic balloon pump can dramatically alter the appearance of carotid and vertebral Doppler waveforms because of the sequential inflation and deflation of the balloon (Fig. 15) . In these patients, it is important to recognize the cause of these perturbations because they can lead to overestimation or underestimation of true flow velocities through an arterial segment.
Transmitted Percussion Waves
Small, regular percussion waves are seen when the examiner performs a temporal tap maneuver to identify the external carotid artery B A and discriminate it from the internal carotid artery. The reflected pulsations from this tap will be propagated along the vessel in both directions and can be detected caudally at the transducer (Fig. 16) . Although often seen only in the external carotid artery, less defined and smaller waves can occasionally be identified in the internal carotid artery.
Conclusion
The shape and character of carotid and vertebral Doppler waveforms can disclose a variety of underlying cardiovascular abnormalities. Systemic circulatory disorders and regional flow disturbance in the vessels of the neck can be suspected and diagnosed with close inspection for changes in the pulse contour.
